A case-control study design was used for the comparison of 2 groups of case patients with control patients. The first group of case patients had nosocomial isolation of IRPA, and the second group had imipenem-susceptible P. aeruginosa (ISPA). Control patients were selected from the same medical or surgical services from which case patients were receiving care when isolation of IRPA occurred. Risk factors analyzed included antimicrobials used, comorbid conditions, and demographic variables. Pseudomonas aeruginosa, a leading cause of nosocomial infections, was ranked fifth among all pathogens reported to the National Nosocomial Infection Surveillance (NNIS) System from January 1990 through March 1996 [1]. Infections due to this virulent organism are often difficult to treat because of the relatively limited choice of effective antimicrobial agents. The incidence of imipenem-resistant P. aeruginosa (IRPA) is increasing. The NNIS System reported a 32% increase in isolation of IRPA among nosocomially infected patients in intensive care units, in a comparison of related data from 1999 with NNIS System data from 1994-1998 [2].
Pseudomonas aeruginosa, a leading cause of nosocomial infections, was ranked fifth among all pathogens reported to the National Nosocomial Infection Surveillance (NNIS) System from January 1990 through March 1996 [1] . Infections due to this virulent organism are often difficult to treat because of the relatively limited choice of effective antimicrobial agents. The incidence of imipenem-resistant P. aeruginosa (IRPA) is increasing. The NNIS System reported a 32% increase in isolation of IRPA among nosocomially infected patients in intensive care units, in a comparison of related data from 1999 with NNIS System data from 1994-1998 [2] .
The aim of this study was to identify risk factors for the nosocomial isolation of IRPA from clinical specimens. Potential risk factors of particular interest were previous antimicrobial drug exposures. The rationale for the study was that previous studies with the same aim had involved smaller numbers of case patients, thereby limiting the power to detect differences. Of more importance, the present study's refined control group selection is an improvement in epidemiologic methodology.
METHODS

Case definition, control definition and study design.
A case-case-control study design was used [3] . Two retrospective case-control studies were concurrently performed at the University of Maryland Medical System. The 609-bed acute-care hospital includes the R. Adams Cowley Shock Trauma Center and the Gree-nebaum Cancer Center. The first group of case patients included patients who had nosocomial isolation of IRPA in clinical cultures. The second group included patients who had nosocomial isolation of imipenem-susceptible P. aeruginosa (ISPA) in clinical cultures.
The microbiology laboratory database was electronically searched to identify all P. aeruginosa-positive clinical cultures of samples obtained from patients admitted to the hospital from 1 January 1998 to 1 July 2000. Patients who had P. aeruginosa isolates recovered within 48 h of admission were excluded from the study, as were those who had isolates recovered from surveillance cultures. Patients in control group 1 were selected from among patients receiving care from the same medical or surgical services from which case patients were receiving care on the date that IRPA was isolated. Patients in control group 1 did not have IRPA isolated during their hospital stay. Selection of patients for control group 2 was identical to that for patients in control group 1, with the exception that patients with ISPA were also excluded from the study so that case patients would not be included in the control group. For each case patient with IRPA who was selected, 6 control patients were randomly chosen. The control patients were admitted to the hospital during the same 2.5-year period. Patients who were admitted for !48 h were excluded from the control groups.
The rationale for using a case-case-control study design was the advantage offered by the comparison of 2 multivariable models: risk factors for isolation of IRPA and risk factors for isolation of ISPA. The first model identifies risk factors for IRPA among nosocomially infected patients, compared with those receiving care from the same medical or surgical services, and the second model identifies risk factors for ISPA. The advantages of this design, compared with that of previous studies in which patients with IRPA were directly compared with control patients with ISPA, have been outlined elsewhere [3] [4] [5] . The study was approved by the institutional review board at the University of Maryland.
Risk factors that were investigated. Data were collected, by use of a relational database management system, from administrative, pharmacy, and laboratory computerized databases. The relational database is maintained by the Information Technology Group of the University of Maryland. Data in the pharmacy, microbiology, and medical demographics tables found in the relational database were validated against the data in the medical records of 1400 patients admitted from October 1997 through January 2001. In addition, data for a 10% sample of the case patients and a 5% sample of the control patients included in this study were validated by examination of medical charts. The positive and negative predictive values of the data were 199%.
Variables analyzed as possible risk factors included age, sex, underlying diseases or comorbid conditions, Charlson score (the latter 2 variables were determined on the basis of the coding of the International Classification of Diseases, Ninth Revision) [6] , intensive care unit (ICU) stay before nosocomial isolation of P. aeruginosa in culture (hereafter known as the "outcome of interest"), surgery before the outcome of interest, transfer from another hospital, number of hospital admissions during the previous year, length of hospital stay before the outcome of interest (for case patients, length of stay before isolation of P. aeruginosa; for controls, complete length of hospital stay), and treatment with antimicrobial drugs (analyzed individually and in combination; tables 1 and 2). With regard to antimicrobial data, only antimicrobial drugs administered within the hospital were analyzed. For case patients, antimicrobial drug treatment was included in the analysis only when such drugs were given during the 14 days before isolation of P. aeruginosa (for case group 1, within 14 days of isolation of IRPA; for case group 2, within 14 days of isolation of ISPA). For control patients, antimicrobial drug treatment administered during the 14 days before discharge from the hospital was included in the analysis.
The rationale behind the choice of a 14-day analysis period was to avoid analyzing data on antibiotics that patients received during the initial phase of a lengthy hospitalization. For example, if a patient was hospitalized for 40 days before nosocomial isolation of the resistant organism, we believed that antibiotics received early during hospitalization were unlikely to be related to isolation of resistant P. aeruginosa. However, because the 14-day period was chosen arbitrarily, statistical analysis was repeated with the use of data on antibiotics that were received during the entire time that the patient was at risk before the event (i.e., there was no 14-day limit to the period analyzed). Because the results obtained from analysis of the entire period of hospitalization were similar to results from the 14-day analysis period, only the data for the 14-day period are presented in the "Results" section.
Statistical analysis. All statistical analyses were performed using SAS software, version 7 (SAS Institute). Bivariate analyses were performed separately for each of the variables. ORs and 95% CIs were calculated for binomial variables. P values were calculated by use of Fisher's exact test, for binomial variables; by the test, for categorical variables with 1 2 subgroups; and 2 x by the Student's t test or the Wilcoxon rank-sum test, for continuous variables.
Variables for which the P value was !.1 in bivariate analysis were included in a logistic regression model for multivariable analysis. A forward selection process was used. Risk factors were checked for confounding and collinearity. Confounders were included in the multivariable models if inclusion of the covariate changed the coefficient of any statistically significant variable in the logistic regression model by у10%. All tests were 2-tailed, and a P value of ! .05 was considered significant in the multivariable model.
RESULTS
During the 2.5-year study, 120 patients with IRPA (case group 1) and 662 patients with ISPA (case group 2) were identified. A total of 770 control patients were included in control group 1. Of these control patients, 24 had ISPA isolated during hospitalization and therefore were not included in control group 2 ( ). n p 746 IRPA was most frequently recovered from respiratory secretions (50%). Recovery of IRPA from clinical culture of urine samples (15%), wound specimens (11%), and blood samples (7%) also occurred. ISPA was also most frequently recovered from respiratory secretions (37%), followed by urine samples (32%), wound specimens (12%), and blood samples (5%). The medical or surgical services from which patients with IRPA and ISPA were receiving care on the date that a positive culture result was obtained included medicine (22% and 13%, respectively), trauma (42% and 38%, respectively), and transplantation (16% and 11%, respectively) services as well as the cancer center (6% and 3%, respectively).
Results of bivariate analysis of risk factors for IRPA are outlined in table 1, whereas those for ISPA are outlined in table 2. The results of multivariable analyses of risk factors for IRPA Multivariable logistic regression analysis demonstrated that patients with nosocomial isolation of IRPA were more likely to have been exposed to the following antibiotics during the 14 days before the date that a positive culture result was obtained: imipenem (OR, 4.96; 95% CI, 2.88-8.57), piperacillin-tazobactam (OR, 2.39; 95% CI, 1.42-4.03), vancomycin (OR, 1.80; 95% CI, 1.09-2.96), and aminoglycosides (OR, 2.19; 95% CI, 1.35-3.56). The "time at risk," which was defined as the length of time from the date of hospital admission to the date that case patients received a positive culture result, was a significant risk factor (OR, 1.02; 95% CI, 1.01-1.04); for each extra day of hospitalization, the risk of isolation of IRPA increased by 2%. A previous stay in the ICU before the event of interest occurred (for case patients, a positive culture result; for controls, discharge from the hospital) was also a risk factor (OR, 3.26; 95% CI, 1.82-5.87). Table 3 shows that patients with nosocomial isolation of ISPA were more likely to have been exposed to the following antibiotics during the 14 days before the date that a positive culture result was obtained: vancomycin (OR, 1.64; 95% CI, 1.20-2.26), ampicillin-sulbactam (OR, 2.00; 95% CI, 1.38-2.89), and second-generation cephalosporins (OR, 2.00; 95% CI, 1.30-3.06). Again, a previous stay in the ICU before the event of interest occurred was found to be a risk factor (OR, 3.53; 95% CI, 
DISCUSSION
In this study, we assessed the risk factors for IRPA and for ISPA. Our study differs from previous analyses of risk factors for IRPA in that (1) a larger number of cases led to increased power and, thus, the ability to identify additional risk factors with lower frequencies of exposures, and (2) the control group selection process was more refined. As outlined in previous studies, we believe that a refined control group selection process and the control of important confounding variables leads to greater validity of the risk factors identified [3] [4] [5] . We found that imipenem, piperacillin-tazobactam, vancomycin, and aminoglycosides were the antibiotics associated with isolation of IRPA. Vancomycin, ampicillin-sulbactam, and second-generation cephalosporins were associated with isolation of ISPA.
Imipenem has been identified as a risk factor for IRPA in previous studies [7, 8] . In these studies, patients with ISPA were included in the control group. Troillet et al. [7] identified imipenem as the only antibiotic that was a risk factor for IRPA (adjusted OR, 23.2; 95% CI, 4.1-132.7). The lower OR of imipenem noted in our study (OR, 4.96; 95% CI, 2.88-8.57) is likely to be more representative of the true OR, because our study design allowed for optimal selection of control patients [3] [4] [5] .
The association between aminoglycosides, piperacillin-tazobactam, vancomycin, and IRPA has not been identified previously. Although logistic regression analyses do adjust for all other explanatory variables in the model, they do not necessarily identify causal associations; thus, these antibiotics may be statistically significant as a result of the fact that patients who develop resistant Pseudomonas strains receive a number of different antibiotics-often simultaneously-before a positive result for P. aeruginosa is obtained by clinical culture. Hence, these results will need to be validated by other studies. However, piperacillin-tazobactam may be a true causal risk factor, in that treatment with other b-lactam drugs has been thought to predispose for imipenem resistance by selecting for strains with stably depressed b-lactamase production; these selected strains could then be more likely to lose their porin OprD2 [9, 10] .
The identification of vancomycin as a risk factor for both IRPA and ISPA is surprising. Again, it may be just a marker of associated antibiotic use. However, it may be a true causal risk factor. We hypothesize that vancomycin may help select for Pseudomonas species by destroying competing gram-positive bacteria that are part of the enteric or bronchial flora. This hypothesis is in keeping with the literature that identified antianaerobic agents as strong risk factors for vancomycin-resistant enterococci [11] .
The identification of ICU stay and length of hospitalization as strong risk factors is not unexpected. They have been identified as risk factors in previous studies of antibiotic-resistant organisms [12] [13] [14] [15] [16] .
A limitation of the present study is that we do not know the molecular mechanisms by which resistance was conferred in our study isolates. In addition, because the control patients were not screened by active surveillance culture for the presence of P. aeruginosa, it is possible that some of these patients actually might have been case patients. However, this type of misclassification would make the groups of case patients and control patients more similar by including case patients in the control groups, and it would only serve to underestimate the associations noted in this study. Another limitation of the present study is that we were unable to assess the role of patient-topatient transmission. However, not accounting for patient-topatient transmission would likely bias toward the null hypothesis-that is, among patients who acquire the organism from other patients, the importance of antibiotics as causal components may be diminished. In addition, it has been shown that cross-infection with P. aeruginosa is a rare event [17] .
In conclusion, this study is similar to other studies in its implication of imipenem as a risk factor for IRPA. However, in contrast to other studies, this study also identifies other antibiotics as risk factors for IRPA, which suggests that limiting the use of imipenem alone may not be sufficient to contain the increasing incidence of IRPA.
